The Lg phase is one of the most prominent features of many regional seismograms and its amplitude is known to be sensitive t o major changes in crustal structure. This sensitivity can be exploited to investigate the nature of crustal heterogeneity, but also reduces the utility of the analysis of the Lg phase for characterizing seismic sources.
INTR 0 D U CTI 0 N
The Lg phase propagates in the Earth's crust and dominates seismograms at regional distances. It is characterized by frequencies between 1 and 5Hz and is often of extended duration. Although the wavetrain does not exhibit a clear onset, it builds to an amplitude maximum at a group velocity close to 3.5kms-' and may, in regions of sedimentary cover, carry significant energy to group velocities of 2.8 km s-'. Recently considerable attention has focused on the signature of the Lg wavetrain in deducing crustal morphology and as an aid to nuclear discrimination; in both instances an understanding of the manner in which Lg interacts with zones of crustal heterogeneity is a primary objective.
The sensitivity of Lg to major variation in crustal structure has been widely noted; early studies revealed that as little as 100 km of intervening oceanic crust is sufficient to eliminate Lg propagation across ocean basins (Ewing, Jardetsky & Press 1957) . The character of Lg propagation across certain continental areas where the crust is known to be complex, most notably central Asia, has been used to constrain structure and provide insight into the operative tectonic processes (Ruzaikan et al. 1977; Kadinsky-Cade et al. 1981 ; Ni & Barazangi 1983) . These studies have involved the interpretation of short-period seismograms to qualitatively characterize broad geographical zones in terms of their amenability to Lg propagation. More quantitative analysis is possible with increased ray-path coverage; Kennett et al. (1985) inverted a comprehensive set of Lg attenuation data for paths in NW Europe to delineate crustal heterogeneity in the North Sea region.
Two different descriptions, which are equivalent in the case of a stratified medium, can be made for the physical nature of Lg in a heterogeneous crust: the phase can be considered as a sum of higher mode surface waves whose energy is mostly confined to the crust, or alternatively, as the result of constructive interference between S-waves multiply reflected between the free surface and the crust-mantle boundary. For heterogeneous zones, two methods have evolved to model the propagation of Lg based on these different views of the propagation process.
The coupled mode technique (Kennett 1984 ) is based on the modal interpretation and solves the boundary value problem exactly; however in zones of exaggerated heterogeneity and variable layer thickness it can become computationally intractable. The method of ray diagrams is a simpler means of assessing the propagation of Lg in a semi-quantitative manner and is not limited by the same circumstances. It involves tracing a set of rays at fixed slowness through a crustal layer of variable thickness, and the disruption in the pattern of the ray system (or equivalently the reflection points) is used as a measure of modal coupling and scattering. Kennett (1986) compared the visually descriptive ray diagrams with coupled mode solutions for simple 2-D earth models and established the validity of the ray-based technique.
Our objective in this study is to extend Kennett's (1986) approach to 3-D heterogeneity. After describing a basis for the interpretation of ray diagrams we examine two simple earth models and investigate the effects of oblique incidence on Lg propagation. We then shift our focus to central Asia to compare our predictions of Lg propagation with observations from previous studies. Kennett (1986) provided a basis for the interpretation of ray diagrams by comparing them with coupled mode solutions for a suite of 2-D earth models and noting some simple and consistent relationships. The coupled mode technique describes Lg as a sum of modal eigenfunctions, associated with a laterally homogeneous reference model, and weighted by modal coefficients which vary with position. In 2-D these coefficients satisfy a system of non-linear differential equations which can be solved exactly in principle. In practice, however, the method becomes computationally intractable in zones of exaggerated heterogeneity (greater than 5 per cent velocity perturbation or 2km in boundary perturbation for 1 Hz waves) as consideration of intermode coupling among an increasing number of modes becomes necessary. Maupin (1988) has made use of coupled local modes to give a more direct treatment of variable boundaries; however changes in position of interfaces require extensive recomputation of modal eigenfunctions. Ray diagrams, in contrast, are most useful where the shape of the crustal waveguide varies and become more difficult to interpret if a non-uniform velocity structure is imposed. The analysis of Kennett (1986) included models amenable to both methods, and demonstrated the close correspondence between the coupled mode and ray diagram results.
THE RAY DIAGRAM METHOD
The correspondence between the two methods is most easily explained by noting that for a given frequency the Lg wavetrain will comprise a finite number of modes. Each mode is characterized by a specific phase velocity which can be associated with an S-wave ray system at a particular angle to the vertical. This suggests that the geometrical regularity of a system of rays launched in some systematic fashion may be used as an indication of the coherence and sustained amplitude of a given mode in addition to a measure of the S-wave constructive interference condition.
At fixed frequency, the angle of S-wave propagation to the vertical increases as the phase velocity decreases. For a given angle to the vertical, determined by the choice of incident mode, the behaviour after interaction with heterogeneity can be conveniently characterized by the spread in propagation angles. Increased angles to the vertical correspond to conversion to lower order modes with the change in angle proportional to the spread in intermode coupling. Similarly, steeper propagation corresponds to conversion to higher order modes. In general, waves incident with higher phase velocities tend to show a larger variation in ray angle after transmission through the heterogeneity due to increased multiple reflections in the complex zone. In those cases where caustics develop, in the ray diagrams the equivalent coupled mode solutions show considerable variation in the amplitudes of the modal coefficients with position.
The crustal models presented in the following analysis exhibit 3-D heterogeneity. It is no longer possible to construct ray patterns from a system of plane waves in cross-section as in the 2-D case. Rather, we have resorted to plan views representing surface/Moho topography via contours and consider a single point source emitting rays at a given angle to the vertical (modal slowness) through a range of azimuths. Regularity in plotted surface/Moho ieflection points and the horizontal projection of ray paths provide a measure of the constructive interference condition in a manner analogous to the pattern of 2-D ray systems considered by Kennett (1986) . An added feature of the 3-D analysis is that we are able to examine the way in which the wavefronts tilt as they encounter features oblique to the line of propagation. This 'ray tilt' will lead to a rotation of the polarization of the S-waves between the vertical and horizontal planes. As a result, energy having an explosive source lying purely in a vertical plane (i.e. represented solely by higher mode Rayleigh waves), may after an encounter with the heterogeneity have some component in the horizontal plane, which would be interpreted as conversion to higher mode Love waves. Zones of the model where the ray patterns exhibit a consistent change in tilt can be expected to produce significant conversion.
CRUSTAL MODELS
We have investigated Lg propagation in two simple models of crustal structure and in reconstructions of the crustal structure in central Asia based on world topography data, using ray diagrams. All of these models are characterized by simple variation in surface and basement (Moho) topography; physical properties remain constant throughout the crust.
Although a more sophisticated analysis incorporating crustal stratification might be implemented with slight modification, this has not been done for several reasons. Ray diagrams are at best semi-quantitative and are meant to provide a simple means of assessing Lg propagation through crustal structure. Moreover, although the shape of the crustal waveguide is the dominant factor influencing Lg, other factors such as small-scale heterogeneity in crustal velocities cannot be entirely ignored. In addition, when we construct a crustal model from just the surface topography we are forced to make a number of assumptions which may not be well founded, and so a very complex model is not warranted. Shear velocities of 3.5 and 4.6 km s-' were chosen to characterize the crust and upper mantle. For a given phase velocity, rays were traced away from a point-source with multiple reflections at the surface and the Moho. The character of the propagation patterns are indicated by plotting a plan section of the rays and marking the reflection points at the Moho. The magnitude of changes in ray tilt are illustrated on separate ray diagrams by 'ticks' located perpendicular to the ray at surface and Moho reflection points. This display enables the regular character of the Lg wavefront in the hpmogeneous regions to be compared with the disrupted pattern after passage through the heterogeneity.
Simple crustal structures
In this section we consider two structures for which the surface and Moho topography are represented as piecewise smooth surfaces and the zones of variation are of limited spatial extent. The ray patterns resulting from these simple configurations are intended to demonstrate the effects of simple changes in topography and aid in the interpretation of more complicated ray diagrams for central Asia presented in the following section.
Crustal thickening
The first case is of a linear mountain chain and a section across the model along the profile A-B is shown. Ray diagrams were examined for the full range of phase velocities associated with Lg propagation (3.5-4.6 km SKI) and several general features were observed to characterize the wavefield emergent from the structure. In Fig. 1 we show the ray diagrams for phase velocities of 3.7 and 4.3 km s-' which illustrate the major features of the wavefield. Perpendicular to the axis of the range we note a central corridor marked by a continuous and regular arrangement of bottom reflection points and little variation in ray density with azimuth (even though the angle to the vertical is increased). This corridor is flanked by zones of alternating high and low ray density as the angle between the axis and the wavefront increases.
For particular combinations of source location and phase velocity, some zones may exhibit regularity in both ray density and reflection pattern, and therefore represent windows through which a significant fraction of the initial Lg wave energy can pass. As ray incidence becomes increasingly oblique to the mountain range axis, rays become trapped within the range and few rays penetrate the structure to the crust outside. Thus we might expect linear zones of crustal thickening to act as lateral waveguides, especially for earthquakes in close proximity. Rays which impinge on the surface at angles to the surface normal less than the critical angle defined by Snell's law will undergo transmission into the upper mantle and are distinguished by filled diamonds marking the Moho reflection points. Kennett (1986) notes that this situation represents a coupling to modes constituting the Sn phase. As observed in the equivalent 2-D model (Kennett 1986 ), refraction after emergence from the mountain range occurs most prominently near the maximum phase velocity for Lg (above 4.4 km s-l). The distribution of these emergent refracted rays is dependent on source location and displays little azimuthal preference. In Fig. 2 we show the polarization of the S rays for the same phase velocities as Fig.  1 by means of 'ticks' which show the projection onto a horizontal plane of waves which left the source with energy confined to the vertical plane. Fig. 2 reveals that changes in ray tilt develop in the zones flanking the central corridor where topographic gradients become increasingly transverse to the direction of propagation. Thus we expect some transfer of energy between vertical and horizontal planes which would be interpreted as a conversion between Love and Rayleigh waves. This feature introduces further complexity to what is already seen to be a very complicated wavefield.
Crustal thinning
The second case represents a region of crustal thinning simulating a zone of localized crustal extension and is designed to illustrate the effect of local transverse gradients in topography. In cross-section it is characterized by flanks rising from 30 to 20 km depth to a plateau at the Moho; its configuration in the horizontal plane is elliptical. Kennett (1986) noted in an analogous 2-D model that constriction of the crustal waveguide had a more severe effect on transmission of Lg than increase in thickness. This is also apparent in the 3-D model (see Fig. 3 ) where we again display ray patterns for phase velocities of 3.7 and 4.3 km s-'. The effect of the crustal thinning is to steer rays away from the angular window defined by the lateral boundaries of the structure and the source position. This effect, due to the presence of strong gradients in topography oblique to the ray path, gives rise to caustics in the ray pattern, and is particularly noticeable at higher phase velocities as in Fig. 3(c) . The constriction of the waveguide can also lead to waves travelling across the top of the structure being refracted into the mantle, and hence the low density of emergent rays is complemented by an additional energy loss through conversion to Sn.
In Fig. 4 , we show the ray tilt representation of the S-wave polarization for this crustal thinning model. The 3-D character of the crustal heterogeneity leads to polarization changes for a larger proportion of the rays than for the linear mountain chain of Fig. 2 . At the higher phase velocities, the polarization rotation is particularly strong at the lower margin of the heterogeneity where the gradients in Moho topography are nearly transverse to the ray path. 
Central Asia
The propagation of Lg is of considerable interest in determining the nature of the Earth's crust in central Asia. Extreme variations in topographic relief over the region shown in Fig. 5 testify to a complex and heterogeneous waveguide. To the north of the Indian shield (average elevation 200 m), the Himalayas rise above 6000 m and form the southern perimeter of the Tibetan Plateau, a remarkable physiographic feature covering some 2.5 X lo6 km2 and characterized by an average elevation of about 5000 m. The Tarim Basin separates the Tibetan Plateau to the northwest from a second major mountain range, the Tien Shan. The pattern of Lg propagation vanes significantly over the region (see Fig. 5 ; Ruzaikan el al. 1977; Ni & Barazangi 1983). Specifically, Lg propagates very efficiently across the more tectonically stable areas: the Indian Shield, Tarim Basin and Eurasian Platform. The phase is also present for paths along the Himalayas and Tien Shan (although less clear); however it is generally weak or absent for paths crossing the Tibetan Plateau. These observations bear important implications for the interpretation of the tectonic evolution of the region. Additional interest in the nature of Lg propagation across central Asia is prompted by the presence of both Soviet and Chinese nuclear test sites. The prominence of Lg waves on regional seismograms makes the phase valuable for the detection of small events, but the sensitivity of Lg to the variation in crustal structure across the region reduces its utility for discrimination and a better knowledge of the effects of heterogeneity on propagation is necessary.
Surface topography for the following models of the crustal structure was constructed by smoothing (25 point average) digital elevation data supplied at 5' intervals from a world topography data base (ETOPOS compiled by the National Geophysical Data Center, Boulder, Colorado). The depth to the Moho was determined by further smoothing (81 point average) of the surface topography and assuming 90 per cent isostatic compensation occurs within the curst. This assumption, although simplistic, is thought to be reasonable within the limitations of the ray method for a uniform crust. The choice of a suitable phase velocity in representing Lg propagation in the real Earth by ray diagrams deserves some discussion. In typical crustal situations the higher modes constituting Lg propagate at a range of phase velocities. Within this range certain modes within loosely defined phase velocity windows will dominate at different group velocities. The onset of Lg on short-period seismograms is determined by modes at phase velocities of 3.4-3.6 km s -' (i.e crustal shear velocities). The amplitude maximum which follows is usually characterized by slightly greater phase velocities between 3.7 and 4.0 km s-' whereas typical values for the late-arriving Airy phases reach 4.3-4.5 km s-'. These latter phases play an important role in determining the character of regional seismograms especially in zones of heterogeneity where conversion to Sn is significant. An additional factor to consider is the effect of velocity variation within the crust. Although the shape of crustal waveguide is a major influence on Lg propagation, a positive crustal velocity gradient in depth will have some effect on the configuration of the ray systems, flattening them and extending the distances between reflection points. In our simple single-layer crustal model this is equivalent to a decrease in phase velocity. By examining the horizontal distance between reflections for single-layer and multilayered crustal models based on equivalent total traveltime, we note that the actual magnitude of the decrease is only significant at very low phase velocities (i.e. within a few per cent of the crustal shear velocity). Therefore in modelling effects on the early arrivals it may be appropriate to compensate by reducing the phase velocity parameter for crustal models of uniform velocity. As the overall character of the Lg wavetrain is dependent on modal contributions at a full range of phase velocities, we have attempted to select model values which both illustrate the general disruption in Lg propagation due to changes in the shape of the crustal waveguide, and are pertinent to observations made in previous studies.
Although the major topographic features in the area exist at a larger lateral scale than those in the two simple structural models, the ray patterns can nonetheless be quite sensitive to source position. Attempts have been made in the following analysis to restrict interpretation to those features which remain stable over small changes in source location.
Semipalitinsk
For our first study, we examine Lg propagation in the vicinity of the Soviet nuclear test sites located in eastern Kazakhstan, approximately 400 km northeast of Lake Balkhash, near Semipalitinsk. Seismic stations at Novosibirsk (NSB) and Talgar (TLG) are shown as triangles to the north and southeast of the source at Semipalitinsk in Fig. 6 . The rather moderate and consistent topography over much of this region permits an assessment of our modelling procedure in what is presumably a relatively uniform portion of the crustal waveguide.
The ray diagrams shown in Fig. 6 are generated at a phase velocity of 4.3 km s-' since anomalous propagation patterns are most pronounced at velocities above 4.0km.s-l. The character of the patterns can be discussed in terms of three broad geographic zones. To the north, elevation decreases very gradually, consequently the ray patterns are very regular and experience a slight increase in phase velocity with distance from the source. For inital phase velocities above 4.45 km s-', this results in energy loss through conversion to Sn; however, Lg transmission through this zone for lower phase velocities is likely to be extremely efficient. It is worth noting that Lg recorded at NORSAR would propagate through this region. The general topography in Kazakhstan to the west of the test sites remains relatively constant although there are minor local fluctuations. Ray patterns in this zone are slightly less coherent but still suggest efficient Lg transmission. The Tien Shan and Altai chains, mountain ranges rising over 5000 m, border the region to the south and east. Changes in relief are extreme and ray patterns are severely distorted especially at higher phase velocities. The character of Lg recorded at stations along these paths beyond the mountainous regions will undoubtedly be very complex; there is likely to be considerable variability with position and significant attenuation due to conversion to Sn and scattering.
In the corresponding ray tilt diagram (Fig. 6b) , as expected, rays passing through mountainous areas, where elevation gradients transverse to direction of propagation are likely to be most pronounced, show the greatest degree of tilt. Also of interest and perhaps of greater significance to the interpretation of source parameters from regional seismograms are the tilt patterns to the north and west. The slight but relatively uniform north-south gradient in elevation over these areas causes a very regular and obvious tilt pattern in eastern Kazakhstan; whereas north of Semipalitinsk, where rays lie sub-parallel with the gradient, virtually no tilt is evident. This implies that Lg recorded at stations within these two distinct windows might differ markedly in the relative energy distribution among transverse, radial and vertical components. An explosive source at Semipalitinsk generating shear energy primarily on vertical and radial components might nonetheless give rise to Lg in south and central Europe with a dominant transverse component, while Lg recorded further north, at NORSAR for example, would retain much of its Rayleigh-type energy.
Eastern Tien Shan
We now turn our attention to a more complicated region comprising the Tarim Basin, the Altai chain, much of the Tien Shan and the northern fringe of the Tibetan Plateau. Ruzaikan et al. (1977) noted that earthquakes in the eastern Tien Shan radiate clear Lg phases to station NSB whereas at TLG the phase is often very weak. Figure 7 (a) displays the reflection patterns at phase velocities of 3.7 and 4.3 km s-l for a source in this area of interest. The lower velocity diagram reveals a more consistent and uniform ray pattern at NSB than TLG even though the former station is some 500 km further from the source. This observation would tend to support the explanation of Ruzaikan et al. (1977) that the difference between signal at TLG and NSB result from different path lengths within the complicated structure of the Tien Shan. The higher phase velocity used to generate the diagram in Fig. 7(b) has produced a more severely distorted pattern due to an increased number of multiple reflections. Several specific points are worthy of note. Although the ray density and patterns are still somewhat consistent at NSB, rays in the vicinity of TLG are funnelled into two arms of the Tien Shan in a manner similar to that described for the simple crustal thickening model. Rays in the northern subsidiary arm rapidly lose energy through transmission to the mantle whereas those in the southern arm remain trapped. This funnelling behaviour first becomes apparent at a phase velocity of 3.9 km s-l and suggests that the main arm may act as a lateral waveguide, trapping and guiding energy within a zone of relatively narrow width (100-200 km). The observations of Ruzaikan et al. (1977) would tend to suggest that the station at TLG may lie just outside the borders of such a guide. Ni & Barazangi (1983) note that Lg propagation in the Himalayas is less efficient across strike than along strike. This and studies in other mountainous regions [e.g. along the Andes (Chinn, Isacks & Barazangi 1980) ] suggest that mountain chains may play an important role in influencing patterns of Lg propagation by focusing and guiding energy along quasi-linear zones of increased crustal thickness. 
Kunlun
Lg propagation across the Tibetan Plateau has been the focus of many studies into the nature of the crust near the continental collision margin. Several authors have noted the absence of Lg for paths crossing the plateau and the peculiar pattern of propagation for sources within and on its boundaries. In the latter case there appear to be well-defined geographic boundaries to effective propagation, notably the 36" line of latitude to the north (Ruzaikan et al.
1977
) and the Indus Tsangpo suture to the south (Ni & Barazangi 1983) . Lg is rarely recorded from sources within these boundaries. Ray diagrams at phase velocities of 3.7 and 4.3 km s-l for a source just above the northern boundary in the Kunlun are shown in Fig. 8 . At higher phase velocities (Fig. 8b) , a large proportion of rays are confined to the plateau by lateral reflection along its borders, and those which do escape have undergone so many vertical reflections at sub-critical angles as to be of no significance. In contrast, diagrams at lower phase velocities maintain regular ray patterns through most of the area. Certainly, patterns are fairly regular across the Tarim Basin where propagation is observed to be reasonably efficient (Ruzaikan et al. 1977) . Ray systems emerging from the Himalyas are also fairly coherent but lose energy through transmission to the mantle. Our assumptions regarding the structure of the Moho are no longer valid in this region (see Molnar 1988) , where the crust is quite certainly not isostatically compensated; however a rapid transition in crustal thickness does exist and should complicate Lg propagation in a similar fashion. Efficient propagation across the Tarim Basin for this particular source location ceases above a phase velocity of approximately 4.0kms-' where the effects of source position, with phase velocity, relative to the crustal transition zone (Kennett 1986 ) become manifest. The ray diagram approach agrees with suggestions of previous authors (Ruzaikan et al. 1977 ) that the absence of Lg along paths crossing the Tibetan Plateau is due to changes in the crustal waveguide, notably constriction along its margins. Discriminating between natural and artificial sources from locations within Tibet using Lg is rendered exceedingly difficult, if not impossible, by this propagation effect.
Lg Rayplot

DISCUSSION
We have seen how the simple device of ray diagrams can be extended to 3-D and used to provide insight into the nature of the interaction of the Lg phase with heterogeneity. The interpretation of ray diagrams for crude constructions of the crust in central Asia, based on isostatic compensation, agree with observations from previous studies and indicate that much of the general character of Lg propagation can be attributed to changes in the shape of the crustal waveguide. Zones of regular reflection patterns, such as those in
Kazakhstan for sources at Semipalitinsk, characterize a waveguide of uniform thickness and generally correspond t o zones of efficient Lg propagation. Rapid decreases in crustal thickness, as for example the margins of the Tibetan Plateau, form boundaries which severely restrict Lg propagation especially at higher phase velocities. Where such changes occur over narrow, quasi-linear zones of crustal thickening (mountain ranges such as the Tien Shan, or the Himalayas), the possibility exists for the development of lateral waveguides. The 3-D ray representation also affords a simple means of assessing the transfer of energy between horizontal and vertical planes through examination of the change in ray tilt with propagation. Over areas with transverse gradients in surface and Moho topography oblique to the direction of propagation, we expect there to be significant energy transfer corresponding to an interconversion between Love and Rayleigh modes. This feature may be of some value in separating propagation and source effects in the problem of nuclear discrimination where energy at the explosive source is predominantly P-sv.
By incorporating detailed information on gravity anomalies and crustal structure where this is available it may be possible to further improve the accuracy of the technique. However, caution shoufd be exercised not to over-extend the limits of its usefulness; internal crustal structure undoubtedly plays a significant and complicated role in the propagation of Lg as is made evident in its 'effect on dispersion. The value of the ray approach lies in assessing the main effects of crustal shape on Lg.
